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ABSTRACT
Daram, Prasanna Kumar. M.S.Egr Department of Electrical Engineering, Wright State
University, 2014. Non-Contact, Antenna-free Probes for Characterization of
THz Integrated-Devices and Components.

The most common technology for electrical characterization of THz devices is
DC-coupled contact probes. In this Masters’ thesis, a non-contact, antenna-free probe is
analyzed for characterizing THz devices and integrated circuits. The probe consists of onchip receiving or transmitting THz photomixers in a co-planar waveguide environment.
Our probes are coupled to a CPW-embedded DUT by polarization current rather than
conduction current and then down-converted in frequency to baseband by an
optically-pumped photomixer. We investigated probe performance through numerical
simulations using High Frequency Structure Simulator (HFSS) carried up to 1 THz and
yielded a broadband design with DUT-to-photomixer promising coupling efficiency
above -20 dB with an operational frequency range of 700 GHz between 0.3 and 1 THz,
and the average increase in the coupling is ~8dB compared to the previous design.
Several integrated-circuit techniques are necessary to achieve this performance, such as
symmetric side-coupled CPW (SSC-CPW), ¼-wave-backshort impedance-matching.
These will be addressed along with design trade-offs.
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INTRODUCTION
The terahertz (THz) region of the electromagnetic spectrum lies between the
radio frequency (RF) band (> 300 GHz) and the long wave infrared (IR)
band (< 25THz). Thanks to its unique position, THz waves can be manipulated and
guided by components developed for optical beams (lenses, mirrors) or for microwave
frequencies (waveguides, antennas). The THz field has experienced significant
scientific and technological progress since the early 1990s when ultrafast lasers came
out allowing to easily generate THz pulses. Since then, many devices and components
have been developed for pulsed or continuous generation and there are applications in
many fields: physics, security, telecommunications, and biomedical.
The development of new THz devices requires new sensors to characterize
them. Characterization of integrated THz components is generally achieved with
scalar or Vector Network Analyzers (VNA). If the devices are integrated circuits, the
coupling to these circuits is usually done with ground-signal-ground (GSG) contact
probes. Dominion Micro Probes Inc. offers the current commercialized state-of-theart GSG contact-probe technology. In order to cover frequencies from 140 GHz to
1100 GHz, they offer 6 different probes and each one has an operational bandwidth
varying from 80 to 250 GHz [1]. However, as a contact technique, these probes can
damage the device-under-test (DUT) and have a limited lifetime due to the number of
contacts realized; also, this technology is fragile and expensive and will likely be
difficult to scale beyond 1.2 THz.
With the idea of developing a novel technique, the THz Sensors Group has
been involved in the FY2011 MURI-project, “III-N Devices and Architectures for
1

Terahertz Electronics,” funded by the Office of Naval Research [2]. The objective of
the project is to ‘address the challenge of providing significant gain and power at THz
frequencies by all-electronic means. This is realized through the development of THz
devices using gated tunneling, hot-electron injection, and resonant travelling-wave
plasma’. Within the framework of this project, the THz Sensors Group and another
group from Ohio State University (OSU) are in charge of developing techniques to
characterize the novel devices. Both the groups are developing non-contact probe
solutions.
On one hand, the group from OSU (Sertel, Trichopoulos, et al), in order to
overcome the issues of the GSG technique has developed a contactless approach [3]
by scaling it to THz frequencies. This approach relies on on-chip receiving and
transmitting THz antennas in a co-planar waveguide environment. They use beamtilted THz antennas for characterizing the devices. The drawback of this technique is
that, in the setup of the system, the transmitter cannot be used as receiver or viceversa. Furthermore, a dedicated circuit chip is necessary for each or every application.
This approach utilizes a testbed, where the device under test is monolithically
integrated in a CPW. Connected to the CPW is a pair of beam-tilted THz antennas
which function as transmitter and receiver probes.
On the other hand, the THz Sensors Group proposes a solution based on a pair
of probes emitting and collecting THz radiation to and from the
device-under-test (DUT) via polarization current. Using an electro-optic sampling
approach, as explained by Whitaker and Yang [4], the polarization current is
transformed into conduction current while propagating along the probe, and then the
conduction current is down-converted in frequency to baseband by an optically
pumped photomixer.

2

In this master thesis, we present the development of the new type of THz
probe developed at WSU using a non-contact, and antenna-free opto-electronic
approach. In the first chapter, the numerical study of this design using HFSS is
presented, and thereafter, the photomixer and heuristics of the probe are explained in
a second part. In the third chapter, evolution of the probe is discussed including the
influence of the transmission line’s characteristic impedance on the photomixer. The
monolithic (MMIC) fabrication approach and the process of pig-tailing the fiber to the
probe using a low-lossy epoxy is presented in the final chapters.
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1. TECHNICAL APPROACH
1.1 MAIN CONCEPTS
The goal is to develop a contact-free, antenna-free method of probing the
𝑆 parameters of THz grade GaN devices beyond the frequency limits of the existing
DC-coupled contact probes. Despite the fact that our approach relies on AC-coupling,
which is lower in efficiency than DC-coupling at microwave frequencies, it is more
efficient as frequency increases. A conceptual view of our approach is shown in
figure 1.1.

Figure 1.1: Notional view of the contact-free, antenna-free probe coupled to the
THz GaN device embedded in a balanced coplanar transmission line.
We designed a probe collecting (or emitting) radiation from (to) the
device or circuit-under-test (DUT) via polarization current. When used as a
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receiver, the polarization current collected by the probe is transformed into
conduction current while propagating along the probe and down-converted in
frequency to baseband by an optically pumped photomixer. The output field
of the DUT is sampled in the coplanar-waveguide or other coplanar
transmission line like Symmetric Side-Coupled CPW (SSC-CPW). The
coupling is “near-field,” the electromagnetic modes are excited in the tips of
the dielectric probes. Thus, the modes are evanescent and propagating
vertically by polarization currents. Assuming linear isotropic dielectric
material, this can be expressed as:

∂P

=ε0 χe
∂t

where
by

∂P
∂t

∂E

(1)

∂t

is the polarization current, χe is the electric susceptibility given

εr -1=χe , εr is the dielectric constant (also called the relative static

permittivity), 𝜀0 is the vacuum permittivity (ε0 ≈ 8.854×10-12 F∙m–1), and

∂E
∂t

is the

time-rate of change of the electrical field [5].
The preferred conversion structure is a terminated section of a coplanar
transmission-line structure. Once the polarization current is converted to conduction
current, the corresponding electric field can be measured with a fiber-coupled THz
photomixer, which is monolithically embedded into the CPW. THz photomixing is
well-suited for this task due to its large operational bandwidth (200 GHz to 2 THz), its
spectral purity, as well as lack of harmonics, spurs, and other non-linear effects that
can occur. A pair of continuous wave diode lasers drives both the transmitter (Tx) and
the receiver (Rx). Thus, this causes the difference in frequency tone at the
photomixers to be mutually coherent.
5

In addition, the photomixing technique is generally very pure because the THz
tone is exactly the beat frequency |υ1 − υ2 | between two frequency-offset,
single-frequency diode lasers. The output is measured by the Rx photomixer by
mixing the THz tone received with the difference-frequency tone from the two-diode
laser. This creates a dc component that can easily be measured with a transimpedance
amplifier. The signal-to-noise ratio and dynamic range of this technique in free space
can reach 80 dB at 0.1 THz, 60 dB at 1.0 THz, and 40 dB at 2.0 THz as shown in
figure 1.2.

Figure 1.2: Transfer function for homodyne coherent photomixing technique,
compared to background noise floor [6].
Through this project, the goal is to obtain a coupling between the DUT and the
photomixer on the probe of at least -20 dB. This value is a tradeoff between the
dynamic range of the photomixing technique and the perturbation of the devices and
circuits under test. There are no other components to characterize the THz devices
with such a broad operating range. Therefore, this is the first-ever design pursued to
characterize the THz devices.
6

1.2 HFSS
The electromagnetic behavior of the novel THz probe was studied prior to its
fabrication by using full-wave numerical simulations. These are performed with a
finite-element computation tool: High Frequency Structure Simulator (HFSS). HFFS
specifically uses the 3D numerical technique called Finite Element Method (FEM) for
solving Maxwell’s equations. This is a process where the structure is divided into
many other smaller subunits known as finite elements.
The finite elements incorporated in HFSS’s FEM are the tetrahedra. The entire
group of tetrahedra is called mesh, which includes the two types shown in figure 1.3.
The rectilinear tetrahedron is the default option, which was used most often in this
project. The curvilinear tetrahedron is employed if the examined structure is mostly
made of curved surfaces.

Figure 1.3: The two types of tetrahedrons used as meshing cells for HFSS’s FEM [7].
Each individual mesh-element contains a partial differential problem. They are
solved compared to boundary conditions given by the materials intersecting with the
mesh-elements. Although the basis function is picked for the elements by depending
upon the order, only a certain number of unknowns are being solved in each
tetrahedron.
Through the project, HFSS has shown to be an efficient tool for the task of
designing contact-free probes. Since the studied structures include waveguides and
7

transmission lines, which are high-frequency structures, radiation boundary is applied
to create an open model for all the simulations.
Currently, determining how to employ additional meshes made specifically for
THz types of simulation is in development [8]. The user needs to have a certain
proficiency in the usage of HFSS before judging if the results are accurate. More
information about HFSS can be found in [9].

1.3 PREVIOUS SIMULATIONS
The simulated system was treated as a 3-lumped-port system as shown on
figure 1.4 (a). Two input ports were placed on the transmission line of the DUT for an
even excitation of the transmission line modes. The third output port is set where the
photomixer is located. The photomixer consists of a 10 x 10 µm active area on GaAs.
Its lumped port resistance is set at 10 kΩ, and its lumped port capacitance at 2 fF [10].
By default, the probe stands 5 µm above a CPW containing the DUT (DUT CPW).
The DUT CPW is made of SiC (SiC ε = 9.9), designed with an impedance of 50 ohm,
and its dimensions are shown on figure 1.4 (b). To obtain the best coupling possible
between the DUT CPW and the probe, the bottom of the CPW of the probe was also
designed with 50 ohm impedance. The input ports are excited on the DUT CPW
edges, which are the port #1 and port #2. Thanks to the photomixer technology, this
can be used as both receiver and transmitter. Therefore, we simulate only one probe as
the system is reciprocal.

8

Figure 1.4: a) Setup of the ports in HFSS. b) Dimensions of the SiC DUT CPW.
Initially, the probe was designed as a “micro-fork” made of a main rectangular
waveguide with a couple of prongs added to its tip as shown in figure 1.5 a). Mads
Larsen, the previous MS student, realized the initial design and simulations [11].
The first step of the design process consisted of tuning the length of the prongs.
Figure 1.6 shows the simulated coupling when the length of the prong is varied from
l = 0 mm to l = 0.1 mm while the total probe length was kept constant. The figure
shows that coupling is weakly dependent on the length l, except at 850 GHz. At this
frequency the coupling changes from -68 dB when l = 0.18 mm to -30 dB when
l = 0 mm.

Figure 1.5: Front view when a) Prongs at the bottom of the probe b) Rectangular
9

shaped probe with GaAs material
The increase in the coupling while the length l decreases is attributed to a
better coupling between the individual waveguides created by the prongs and the main
rectangular waveguide. Therefore, the best results were obtained for l = 0. Then, as
shown on figure 1.6, the coupling is quasi-flat between 300 and 1200 GHz. Hence, the

Coupling between DUT cPW and probe [dB]

waveguide was transformed to a rectangular shape as shown in the figure 1.5 b).
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Figure 1.6: Coupling vs. length of the Prongs at the bottom of the probe
During the course of this simulation, S23, S32, S13, and S31 were all calculated.
As expected, S23 gave the same coupling as S32, and S13 gave the same coupling as S31.
Thereafter, this was further repeated throughout all the simulations, and they showed
the same result. Therefore, only S13 or S23 needs to be studied.
As shown in figure 1.7 we used port 2 as the input to receive the signal from
the DUT. In the practical setup of the system, the fiber is coupled to the photomixer
above the port #1side of the DUT. Hence, for the convenience, we used port #2 as the

10

input in our project. So, all the results we present are for the S parameter from port 2
to the output (S23 or S32).

Figure 1.7: Probe placed on the DUT with the input/output ports
With the shape of a rectangle, the probe could be analyzed as a dielectric slab
waveguide. At high frequencies, rectangular dielectric waveguides have lower signal
attenuation than CPW. This is due to the single mode operation of the waveguide
when the width is greater than the thickness. Its dimension defines the cut-off
frequency of a waveguide. Consequently, changing the width and the thickness of the
probe varies the cutoff frequency, which can significantly improve the coupling
between the DUT CPW and the probe.
In addition, the CPW transformer greatly influences the coupling between the
DUT-CPW and the probe. Depending on the CPW dimension, the coupling was
optimized for different frequency ranges. M.Larsen previously developed two
designs: a narrowband design and a broadband design [11]. Figure 1.8 shows a
narrowband design, which has a useful operation of 100 GHz from 500 GHz through
600 GHz with coupling above -15 dB. Figure 1.9 shows a broad band design whose
coupling is above -27 dB from 300 GHz through 1300 GHz. Narrowband designs
11

were simulated with a step size of 50 GHz and broadband designs with a 100 GHz
step size. The width of the probe was chosen as 125 µm in both the designs.

Figure 1.8: Coupling between DUT CPW and photomixer on probe for final
optimized narrowband system, with a bandwidth of 100 GHz between 500 to
600 GHz. V1 =14 μm, V2 ≈31 μm, and V3 =0.5 mm.[11]

Figure 1.9: Coupling between DUT CPW and photomixer on probe for final
optimized broadband system, with an operating band of 1000 GHz. V1 =36 μm,
V2 ≈22.5 μm, andV3 = 0.2 mm.[11]
12

2. HYPOTHESIS OF THE DESIGN
2.1 PHOTOMIXER:
One of the unique features of photomixer devices is their bandwidth.
Photomixers can be tuned up to at least 1 THz. The best photomixer materials are
composed of ErAs:GaAs and low-temperature-grown GaAs (LTG-GaAs). ErAs:GaAs
interdigitated photomixers are tunable THz sources ranging from ~20 GHz to ~2 THz
[12]. This is the material considered for this project.

Figure 2.1: Interdigitated capacitor fingers with their dimensions.
A photomixer entails the injection of two frequency-offset lasers into the
active region of an interdigitated-electrode structure. The majority of the THz
photomixers demonstrated to date are fabricated from closely spaced (< 2 µm)
interdigitated electrodes, as shown in the figure 2.1. The gap between the neighboring
electrodes is made comparable to or larger than the electrode width, so that a majority
of light incident from the topside enters the photoconductive material. Strong
photomixing can occur if the incident light consists of two frequency-offset lasers,
13

such as GaAs/AlGaAs laser diodes.
A photomixer behaves in some ways like a field-effect transistor (FET), but
with a photonic gate instead of the usual metal gate. Therefore, unlike an FET, the
bandwidth of the photomixer is not limited by the gating effect because optical
coupling requires no metal electrode, consequently, adds no capacitance [13].
In addition, photomixing requires two identically polarized continuous lasers.
The beams are mixed together and then focused on to the photomixer, which
generates the radiation. The advantage of this technique is that it is continuously
tunable over the frequency range from 300 GHz to 3 THz, and resolution on the order
of 1 MHz can be achieved.
The dimensions of the photomixer are considered as 10x10 µm2 with six
interdigitated fingers closely-placed with 1.5 µm. The width of each electrode is
chosen as 0.3 µm, and the length as 8.1 µm. In the terahertz (THz) range the
photomixer can be represented as an equivalent circuit of a 10 kΩ resistor and 2 fF
capacitance [10] in parallel. Therefore, it is predominantly capacitive and the
differential resistance is high. These values are used in this project, and the equivalent
lumped port with appropriate resistance and reactance is assigned for the output port
in the HFSS.

2.2 Heuristics of the design:
Lossless coupling is the ideal case, but very difficult to achieve in practice.
The probe was optimized in different ways for coupling at least above -20 dB.
Introducing several integrated-circuit techniques increases the performance of the
probe by the previous student (Mads Larsen). Now, a few sanity simulations were
realized to determine the best coupling of the system. Control simulations help to
understand problems of the design. However, with appropriate design rules they can
14

be explained.
2.2.1 Control samples:
2.2.1.1 Port on top
The most important challenge is to understand the cause for the important dips
in the coupling at a few frequencies. This is especially important in the broadband
design as shown in the figure 1.8. First, a basic rectangular waveguide with (47 x 189
µm2) dimensions was studied. By choosing the cutoff frequency [11] at 300 GHz as
lower limit and 1100 GHz as the upper limit of the simulation dimensions of the
probe are 47x189 µm2. The output port is placed at the top of the waveguide. If the
rectangular waveguide is excited in the dominant TE10 mode, then the Ey component
couples to the photomixer. If the E field of the DUT-CPW is not in the same direction
as of the DUT-CPW, there is a possibility of low coupling. Also, the waveguide is
enclosed between two gold conductors on top and bottom, as shown in the figure 2.2.

Figure 2.2: Dimensions of the dielectric rectangular waveguide with output port on
top
15

The output port is placed between the top gold conductors, which also acts as
a slot antenna. When the dielectric waveguide is excited in TE21 mode, the fields are
excited as shown in the figure 2.3 a). A dipole antenna has its field lines as shown in
figure 2.3 b).

Figure 2.3: a) E field of a rectangular dielectric waveguide TE21 mode b) E field of a
slot antenna [14]
With this design, the important dips in-between the broad range are moved out
and the issue of coordinating the Ey component to the photomixer position is
eliminated. The total field captured by the waveguide passes through the dielectric
and reaches the photomixer on top. Thus, the chance of low coupling is very little in
this case. However, it is very difficult to fabricate such a fragile component. The
above idea is supported to figure out the reason for the dips in the broadband design.
Figure 2.4 shows the S23 and S13 of the design. The system is symmetric
because S13 and S23 are the same. However, it is valid only till 900 GHz. From then
on, there is a subtle change in the coupling. The reason could be because of choosing
the solution frequency at 600 GHz in HFSS. By choosing the solution frequency at
600 GHz the adaptive meshing is only effective until approximately 900 GHz. To
justify this reason, another simulation is carried out choosing the same design and
changing the solution frequency to 1100 GHz. Figure 2.5 illustrates that the
s-parameters S23 and S13 are roughly same till 1100 GHz. Choosing the solution
frequency at 1100 GHz in HFSS utilized 168 GB of RAM, which took many hours to
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simulate the design.
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Figure 2.4: Coupling between the DUT CPW and probe when the solution frequency
is set as 600 GHz
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Figure 2.5: Coupling between the DUT CPW and probe when the solution frequency
is set as 1100 GHz
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Packaging and pig-tailing the fiber to the photomixer on top is very difficult
for such a small area on top (47x189 µm2). Therefore, the output port (photomixer) is
placed on the front of the probe embedded in the CPW as earlier. Hence, S32 is
measured as the forward transmission matrix. Changing the position of the
photomixer loses the symmetric property, but still holds the reciprocity.
2.2.1.2 Matching load:
The photomixer is placed in the CPW with characteristic impedance around
50 Ω. In contrast, the photomixer has predominant capacitive impedance. Thus, for
every frequency there is appropriate characteristic impedance for having low-losses.
This is one of the reasons for impedance mismatch and having the coupling
below -20 dB. Thus, a trial was made changing the output port’s impedance to match
with the characteristic impedance of the CPW. It gives the maximum available power
at the output port. However, most of the field is not coupled to the probe, considering
that it is non-contact approach and the fields could be radiated outwards.
2.2.2 Conservation of energy:
If the probe and DUT CPW are in contact and perfectly matched, the energy
from the DUT CPW couples entirely to the probe. In contrast, when the non-contact
approach is considered, only the evanescent waves are collected in the probe. In any
case, the total energy of the isolated physical system should be conserved. For a
symmetric loss-less three-port network, conservation of energy (CoE) is characterized
by the condition [15]:
S222 +S212 +S232 =1

(2)

Figure 2.6 shows the CoE condition for the design shown in the figure 2.2. At 550
GHz the CoE is calculated as 0.968 (maximum). However, as the frequency increased
the CoE decreased. At higher frequencies the values are around 0.15. The simulated
18

results include the losses caused by dielectric, skin effect and resonance behavior of

Conservation of energy (CoE)

the probe on device.
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Figure 2.6: Conservation of energy when port #2 is considered as the input for the
dielectric waveguide with 0.5 mm height
Several techniques are implemented in the design to improve the performance
of the probe, which are explained in the next chapter.
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3. EVOLUTION OF THE PROBES
The project requires the realization of a single probe, functional from
~300 GHz to > 1THz with a coupling above -20dB. During the first stage of the
project realized by a previous student, no developed design was showing a coupling
above -20 dB and a large operational bandwidth simultaneously. Therefore, the work
of this thesis started with two designs; a narrowband and a broadband design [11].
Even though the broadband design shows a large operational bandwidth (1000 GHz)
with a step size of 100 GHz, the coupling is around –27 dB on average. After the
broadband was optimized, a narrow design was developed in order to start the process
of fabrication and testing. This narrow band design shows a coupling of -18 dB over
500 to 600 GHz.
The narrow band design is composed of a CPW line and a backshort.
Figure 3.1 shows that the backshort is a short-circuit ending made of a roughly
quarter-wave section of CPW. This back-short improves the impedance match
between the high-impedance photomixer and the 50 ohm CPW [16]. This result in a
~3 dB gain in the coupling for a length designed at the appropriate frequency. The
precise backshort length L is defined as follows in order to take into account the
fringing field at the discontinuity [16]:
Δlopen =

λg Lin,short λg 2S+W
+
≈ +
4
Lin
4
8

[3]

where Lin, short is the short-circuit fringing inductance, Lin is the inductance per unit
length of the CPW, S is the slot width of the CPW, and W is the width of the center
conductor. Equation (3) is valid for a conductor metal thickness 𝑡 < 𝑊/3,which is the
case in this work.
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Figure 3.1: Backshort design at the photomixer region [11]
According to the well-known phenomenon of tapering in transmission-line
theory, as the tapered length increase, the reflection coefficient decreases [17].
That is why the bottom part of the probe was initially tapered in order to increase the
coupling to the probe from the DUT CPW. Figure 3.2 shows the tapered-CPW section
at the bottom of the probe. An optimization of the tapered-CPW section was
conducted to increase the coupling by varying the dimensional parameters as defined
in the figure 3.2.

Figure 3.2. Variables V1, V2, and V3 changed throughout the optimization of the gold
CPW on the bottom tip of the probe [11]
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3.1 Width of the probe
As the probe acts as a dielectric waveguide, its width and thickness are crucial.
Indeed, these dimensions define the cut-off frequencies of the waveguide.
Consequently, a careful study of the width w of probe using the HFSS optimetrics was
initially concluded. The study has shown a significant improvement of the coupling of
the probe with the width.
3.1.1 Narrowband design:
Initially, the previous work was conducted with a width of 125 μm. The
coupling was then above -18 dB with nearly a flat operational bandwidth of 100 GHz
between 500 and 600 GHz. Changing the width of the probe to 400 μm increased the
operating bandwidth to 400 GHz between 300 and 700 GHz with coupling above
- 20 dB with a step size of 50 GHz. Figure 3.3 shows that a similar improvement is
observed when the width was increased to 1 mm with V1= 14 µm and V3 = 0.5 mm. V2
varies according to the width of the probe. Therefore, from now on a width of 400 μm
is considered because the coupling is better than for the other widths simulated.
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Figure 3.3: Coupling between DUT CPW and narrowband probe when varying the
width of the probe.
3.1.2 Broadband design:
As mentioned earlier, setting the values as V1 = 36 µm, V2 = 22.5 µm,
V3 = 0.2 mm and a width of 125 µm, the coupling was above -27 dB with an operating
band between 300 and 1300 GHz, with a step size of 100 GHz. Since it is a broadband
design, no backshort is used. By changing the width of the probe to 400 μm, the
operating frequency range decreased to 700 GHz between 300 and 1000 GHz, but
then, coupling has increased, which is above -25 dB as shown in the figure 3.4.
Hence, it is clear that, being a broadband design, the dimensions of the probe cannot
be larger than narrowband design. Thus, the optimization in width is done to ta
maximum width of 400 μm.
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Figure 3.4: Coupling between DUT CPW and broadband probe when varying the
width of the probe for the broadband design when V1 = 36 µm, V3 = 0.2 mm, and V2 is
varied.

3.2 Backshort design
The length of the backshort controls the coupling at specific frequencies.
Thus, varying the backshort length B1 changes the selective frequency and increases
the performance of the probe. The coupling is increased with in the narrowband. For
example, we have chosen a width of the probe 1625 µm and selected the backshort
lengths designed at 600 GHz and 700 GHz as shown in figure 3.5.

Figure 3.5: Backshort length for narrowband designs. At 700 GHz B1 is 21 µm, and
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at 600 GHz B1 is 27 µm
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Figure 3.6: Coupling between the DUT CPW and the probe vs. backshort length for
the design with the values V1= 14 µm, V2 = 796 µm, and V3 = 0.5 mm
The result shown in figure 3.6 shows a 5 dB improvement in the coupling with
the DUT CPW when the backshort length is changed from 27 µm (600 GHz) to
21 µm (700 GHz). Since change in length causes the quarter wave transformer to
match at different frequency and thus the increase in the coupling. The length of the
backshort is fixed on both sides above the photomixer. Due to the short-end
discontinuity of the CPW, the backshort designed at frequencies beyond 700 GHz has
not shown an improvement in the coupling.
3.2.1 Staggered designs:
So far, the length of the backshort was fixed on both sides of the short-end
discontinuity. Therefore, it is an unstaggered backshort design. The motivation to
investigate the staggered designs is to improve the performance of the probe by
increasing the coupling simultaneously at two desired frequencies, and thus, the
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overall operational bandwidth. If it is changed appropriately with the selected
frequency, then coupling would increase at those frequencies. Having one side at
600 GHz and the other side at 700 GHz is called a single staggered design, and shown
in figure 3.7 a).

Figure 3.7: a) Termination of the single staggered backshort design b) Termination of
double staggered backshort design
Taking advantage of the shorted-end of the transmission line, double staggered
can be designed. It has two selective frequencies at one side and another two selective
frequencies on the other side of the photomixer, as shown in the figure 3.7 b).
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Figure 3.8: Different backshort lengths vs. coupling between the DUT CPW and the
probe
Figure 3.8 shows the single staggered design with a probe of 400 µm wide and
having backshorts designed at 600, 650, 675, and 700 GHz. This examination has not
shown an impressive improvement in the coupling between DUT CPW and the probe
CPW. However, the operational bandwidth increased about 50 GHz when B2 is
different from B1. Since the improvement in the coupling of the double staggered
design is not significant, it was chosen not to further pursue this design.

3.3 Capacitance between probe CPW and DUT CPW:
The simulations were initially set with a 5 µm gap between the probe and the
DUT-CPW as a tradeoff between practical considerations and a good collection of the
evanescent field. There are center conductors for each of the CPW’s, and when two
charged electrical conductors are separated by a dielectric, one observes the
appearance of a capacitance. For instance, in a parallel plate capacitor, capacitance is
directly proportional to the surface area and is inversely proportional to the separation
distance of the conducting sheets. The closer the sheets are to each other, the greater
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the capacitance.
The field from the DUT-CPW is coupled to the probe, thanks to polarization
current. Assuming the probe is made of a linear isotropic dielectric material, the
higher the dielectric constant is, the greater the polarization current. Also, polarization
currents are proportional to the rate of change of electric field [5] and susceptibility,
where susceptibility is the measure of the strength of a material’s reaction to the
incoming electromagnetic radiation. Therefore, the sensitivity can be affected by the
capacitance that occurs between the probe and the DUT-CPW. Figure 3.9 illustrates
the surface area of the conducting sheets and the gap between them.

Figure 3.9: Gap between the DUT CPW and the probe CPW central conductors
The capacitance between two parallel electrical conductors is given by:
𝑎𝑟𝑒𝑎𝑒𝑓𝑓

(4)

𝐶𝑒𝑓𝑓 =ɛ ( gap )
where, area = width times the length of the conductor

Here, 𝑎𝑟𝑒𝑎𝑒𝑓𝑓 = area * 10 = 0.25 µm x 14 µmx10, gap = 5 µm, 𝜀𝑟 is the
dielectric constant (also called the relative static permittivity), 𝜀0 is the vacuum
permittivity, and ε0 ≈ 8.854×10-12 F∙m–1
For instance if the gap is 1 um, the capacitance between the plates is
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𝐶𝑒𝑓𝑓 = 0.31× 10−15 farads. Similarly, capacitance 𝐶𝑒𝑓𝑓 = 6.2× 10−17 farads if the
gap = 5 um. Therefore, by increasing the gap between the probe and the DUT-CPW,
the capacitance decreases. This principle is applied on the narrowband design. The
position of the CPW gold conductor is varied, and a 3dB gain in the coupling at a
particular selective frequency in the narrowband design was found.
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Figure 3.10: Coupling vs. gap between DUT CPW and probe, narrowband design
Figure 3.10 illustrate gap that as the gap increased from 5 to 16 µm coupling is
improved by 5 dB at 600 GHz and 10 dB at 750 GHz frequencies.

3.4 Merge of the two designs:
Increasing the width of the probe to 400 µm allows the narrowband design to
operate up to 700 GHz. However, the broadband design has a coupling above -25 dB
till 1 THz for the same width of 400 µm. By accepting this fact, only one design is
considered to achieve coupling beyond -20 dB till 1 THz (ultimate goal of the
project). This is achieved by incorporating the improvement techniques from the
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narrowband and the broadband designs. In addition, several other hypotheses like
SSC-CPW and the discontinuity effect increased the performance of the probe. These
are explained in the later sections.

3.5 Impedance of the Tx Line vs. Photomixer Impedance:
Figure 3.11 shows the typical termination of a load impedance ZL in a lossy
transmission line of characteristic impedance Zo.

Figure 3.11: A lossy transmission line terminated in a load impedance of photomixer
[18]
When Zo (CPW) and ZL (photomixer) are equal to each other, there is a perfect
impedance match and all the available energy is transferred from the transmission line
to the load. However, when Zo is different from ZL, some power is reflected back to
the transmission line according to the reflection coefficient, Г [18]. Г is defined as
follows:
Г=

ZL -Zo
ZL +Zo

= S11

(5)

As impedance mismatch occurs, the reflected waves create standing waves. In
general, the voltage SWR is given as:
SWR=

1+|Г|
1-|Г|

(6)

In this project, the waveguide is terminated by a load impedance of 10 kΩ and
a capacitance of 2 fF, which creates a frequency-dependent impedance. Even though
the differential resistance of the photomixer is high, the magnitude of the complex
impedance becomes relatively small as frequency increases. However, the impedance
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is predominantly capacitive. A perfect impedance match is practically impossible. For
instance, when calculating the complex impedance of the photomixer at 800 GHz, it is
found to be 9.89 – j*99.46. Figure 3.12 shows that the Zo of 100 Ω is the optimal
value at 800 GHz for low Г and SWR. The reflection coefficient is 0.905, which
indicates that 18% of the incident power is delivered to the photomixer, and the SWR
is 20.15.

Figure 3.12: Reflection coefficient and SWR vs. characteristic impedance (Zo) at
800 GHz with the photomixer as the load
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Figure 3.13: Frequency vs. Zo with the optimum value for the entire range.
Similarly, by changing the frequency over the entire range from 300 GHz
through 1.1 THz, an optimized Zo is calculated at each frequency point. Figure 3.13
shows the frequency vs. Zo for the optimum value over the entire range. As the
frequency increases, the optimized Zo value decreases. The minimum Zo value is 70 Ω
in this design, which is the optimum at 1.1 THz. However, a perfect match for the
entire frequency range is not possible.

3.6 Symmetric Side-Coupled CPW (SSC-CPW):
Initially, the transformer designed on the probe was a conventional CPW line
[19]. The CPW line was designed with 50Ω impedance to match the impedance of the
DUT-CPW. However, at low frequencies, the impedance of the photomixer can be as
high as 10 kΩ and a suitable characteristic impedance of 70 ohm at 1100 GHz. This
creates an important impedance mismatch between the 50Ω-CPW line and the
photomixer, and consequently losses in coupling.
With that in mind, we considered two transmission lines placed next to each
other to create a strong interaction between their fields. Depending on the separation
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of the lines, the amount of coupling can be calculated [20]. This design is called
symmetric-side-coupled CPW (SSC-CPW). This structure has two parallel center
conductors symmetrically located between two ground planes as shown on figure 11.

Figure 3.14: Even mode excitation of a SSC-CPW transmission line [20]
Generally, symmetric side-coupled CPW can support two modes of
propagation; an even mode and an odd mode. If the two center conductors maintain
equal electric potential, then the radiation occupies an even mode as illustrated in the
figure 3.14. The characteristic impedance of this kind of coplanar waveguide is given
by the following equation [20]:
Zo=

60π Ƙʼ(δk1 )
√εeff Ƙ(δk1 )

(7)

where, Ƙʼ and Ƙ are the complete first order elliptic integrals.𝑘 ′ is the complementary
modulus of 𝑘 and integrals are related as:
Ƙʼ(k)=Ƙ(kʼ)

(8)

kʼ=√1-k2

(9)

δ={

(1-r2 )
(1-k21 r2 )

1/2

(10)

}

and ɛ𝑒𝑓𝑓 is the effective permittivity, which is expressed as [15]:
1

Ƙ(𝑘 ) Ƙʼ(𝑘 )

ɛeff =1+ 2 (ɛ𝑟 -1) Ƙʼ(𝑘2 ) Ƙ(𝑘 1)
2

1

(11)

k1 and 𝑘2 depend on the slot width S, center conductor width W and the gap between
the center conductors d as:
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k1 =

k2 =

r=

d+2S
d+2S+2W

(12)

π d
sinh[ (2h) [2 +S] ]

π d
sinh[ (2h) [2 +S+W]

d
d+2S

(13)

(14)

where h is the thickness of the substrate. These equations are obtained using the
quasi-static conformal mapping technique.

Figure 3.15: Cross section of a) CPW b) SSC-CPW with slot and conductor widths
As an example, we assume the following dimensions as shown in the
figure 3.15: slot width S= 17μm, center conductor width W= 10 μm and gap between
the center conductors d= 10 μm. We have chosen d to be 10 μm because the typical
dimensions of the photomixer are nearly 10x10 μm2. Hence, the photomixer can be
placed above the center slot and in the gap between the conductors. As the
ground-to-ground separation is large compared to a regular CPW design, more fields
is collected from the DUT-CPW. As a result, the field from both slots couples and
increases the power received by the photomixer. Moreover, the position of the slots is
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shifted to the sides, by which extra fields from the DUT-CPW is collected by the
SSC-CPW line. Figure 3.15 b) shows the separation of the slots.
The dimensions of the SSC-CPW are designed so it’s characteristic impedance
is100 Ω. As shown in the figure 3.14 at 800 GHz, 100 ohms is the optimized Zo. The
SSC-CPW significantly increased the characteristic impedance of the probe from
50 Ω to 100 Ω with the appropriate slot and conductor widths. In this transformation
the ground-to-ground separation is increased.
Thickness is an important factor as it increases the effective dielectric
constant, and thus the coupling efficiency between the DUT and the probe. CPWs are
usually analyzed through the quasi-static approximation by using conformal mapping
technique [15]. This technique is based on the assumption that the dielectric substrate
thickness h and width 𝑊𝑡𝑜𝑡𝑎𝑙 are infinite. However, it is of course practically
impossible, but by applying certain design rules, this approximation can be considered
valid. The rule of thumb for the thickness t of the dielectric substrate with CPW is:
t ≥2S+2W+d

(15)

where, 𝑆 is the slot width and 𝑊 is the conductor width of the CPW, and 𝑑 is the
distance between the two conductors. To respect the rule of thumb, the thickness of
the probe with a SSC-CPW design is chosen to be 244 µm, which facilitates the
handling of the probe as well. Different characteristic impedances of the SSC-CPW
line are tried to observe the changes in the coupling and the results are shown below:
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3.6.1 100 ohms:
Result Comparing the conventional CPW and SSC-CPW:400 μm wide probe
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Figure 3.16: Comparing the coupling between DUT CPW and probe of the
SSC-CPW vs. the conventional CPW.
The SSC-CPW design not only increased the characteristic impedance
compared to the nominal 50 Ohms, but also yielded a much flatter response vs.
frequency. Moreover, it increased the operational bandwidth and the coupling
between the DUT CPW and the probe as shown in the figure 3.16.
3.6.2 70 Ohms:
To improve the performance of the probe above 700 GHz, the SSC-CPW
characteristic impedance of the line was chosen as 70 ohms using the equations 9
through 16. 70 ohms is the optimized Zo above 1.1 THz as shown in the figure 3.13.
SSC-CPW line with 70 ohms impedance showed improvement in the coupling above
800 till 1000 GHz. However, from figure 3.17 it is clear that except at 500 GHz and
950 GHz the coupling is around -20 dB from 300 GHz to 1 THz.
The simulated coupling is hard to fully understand because of the complexity
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of the design. Nevertheless, we will demonstrate the reasons of the destructive
interferences.
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Figure 3.17: Coupling between the DUT CPW and the probe for broadband design
3.6.3 50 ohms bottom and 150 ohms on top:
The evanescent mode waves from the DUT CPW transmission line interact
with the probe. They couple to the dielectric material. Hence, an impedance match
between the DUT-CPW and the bottom tip of the probe is required. In order to match
their impedances, SSC-CPW’s conductor widths and slots are designed in such a way
that its characteristic impedance is 50 Ω at the bottom and gradually increases to the
maximum at the photomixer. This can be achieved by using the equations
(7 through 14) to choose a particular slot and conductor width as given in the figure
3.18 to match the impedance of the photomixer.
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Figure 3.18: a) Probe having a SSC-CPW with Zo 50 Ω at the bottom and 150 Ω at
the photomixer. b) Conductor and slot widths for 150 ohm impedance. c) Conductor
and slot widths for 50 ohm impedance to match with the impedance of the
DUT CPW.
This design has shown a significant improvement in the performance of the
probe by increasing the coupling by about 3 dB. However, as shown in the figure
3.19, there is a dip at 600 GHz. It is probably the impedance mismatch between the
SSC-CPW and the photomixer since; the photomixer’s impedance is a function of
frequency. Further optimizations in matching the impedances are required to increase
the coupling between the DUT CPW and the probe without dips. The maximum
impedance that can be achieved by the SSC-CPW with suitable conductor and slot
widths is 160 ohms in this project.
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50 ohms at the bottom and 150 ohms at the output port
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Figure 3.19: Coupling between DUT CPW and probe for a SSC-CPW having 𝑍𝑜 as
50 Ω at the bottom of the probe and 𝑍𝑜 as 150 Ω at the photomixer.

3.7 Short-end discontinuity:
Discontinuities have been of interest and have been studied both theoretically
and experimentally. They are essential for measuring accurate S-parameters.

Figure 3.20: Coplanar waveguide short-circuit [21]
A coplanar-waveguide short-circuit is formed by ending the slots s, as shown
in the figure 3.20. A pure magnetic energy is stored behind the termination. Hence,
this gives rise to an inductive reactance. In such a discontinuity, the parameter of
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interest is the effective length extension L, which represents the length of an ideal
short-circuited transmission line ∆lsc [22]. The normalized inductive reactance, seen at
the end of the line, may be expressed as:
Xsc = tan (β g ∆𝑙sc )
=

Lsc =

ωLsc
Zo

(16)
(17)

tan (βg ∆lsc ) *Zo
ω

(18)

where 𝛽 is the phase constant and is given by:
β=

2πf
c

√εeff

(19)

where 𝜀𝑒𝑓𝑓 is the effective dielectric constant, c is velocity of light in free space, and
Zo is the characteristic impedance of the CPW line.
∆𝑙𝑠𝑐 is very small compared to a wavelength: therefore 𝑡𝑎𝑛(𝛽𝑔 ∆𝑙𝑠𝑐 ) is
approximately equal to 𝛽𝑔 ∆l𝑠𝑐 . Therefore, ∆𝑙𝑠𝑐 ≈ Lsc/L where L is the inductance per
unit length in Henry / meter for an ideal lossless CPW.
As before, ∆𝑙𝑠𝑐 represents the length of an ideal short-circuited transmission
line, which would represent the same reflection co-efficient at the plane of the
discontinuity. Short-circuit seems to be the better choice because it reduces ∆𝑙 by
about:
∆𝑙sc =

d

(20)

8

where, d is the ground-to-ground separation [21].
The permittivity εeff of the substrate does not need to be included because
under quasi-TEM conditions the magnetic field that dominates at the short-end is not
affected by this parameter. By varying the length x, the coupling between the probe
and DUT CPW was improved. The variable x is changed in the HFSS Optimetrics,
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which is shown in the figure 3.21.

Figure 3.21: Front view of short-end CPW
The length was changed from 214 to 100 μm. This increased the coupling by
about 15 dB at specific frequencies, where there were dips. Accordingly, it increased
the operational band by getting rid of the destructive interferences at 500 and
950 GHz, as shown in the figure 3.22. Further improvement in the design is required
to increase the coupling beyond 800 GHz.
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SSC-CPW line with 70 ohms impedance and
400 µm width of the probe
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Figure 3.22: Influence of the Lsc length on the coupling between DUT CPW and the
probe

3.8 Ground conductor above photomixer:
As a part of further improvement, the ground conductor above the photomixer
is reformed as shown in figure 3.23. It is stepped with dimensions which follows the
SSC-CPW line theory. To have an equal step size, a step height of 16 μm is chosen,
and the overall height is 48 μm. A space of 2 μm is left at the top, making x become
50 μm. The gap between the side and top ground conductors is set at 1 μm.

42

Figure 3.23: Ground conductor above the photomixer. Gold color represents
conductor and red color represents the GaAs substrate.
Subsequently, by reducing the length x to 50 μm and changing the design of
the ground conductor above the photomixer, the coupling is above -20 dB with a
useful operating band of 700 GHz from 300 GHz to 1 THz, as shown in the
figure 3.24. The reason for this phenomenon is that the interferences of the ground
conductor on the center conductor are reduced. Moreover, the position of the
photomixer is raised while changing length x. This probably reduces the standing
waves and increases the coupling between the photomixer and the E-field of the TE10
mode of the dielectric waveguide.
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Figure 3.24: Influence of ground conductor on the coupling between the DUT CPW
and the probe and coupling is measured with a step size of 50 GHz

3.9 Finalized design
Through several enhancements in the probe, the coupling has shown a better
performance up to 1 THz with coupling above -20dB and a step size of 50 GHz.
However, figure 3.26 show that the same probe, when it is analyzed with 25 GHz step
size has destructive interferences at 475 and 775 GHz. When the probe is designed as
a simple dielectric waveguide (fig 2.2) with the photomixer in the end facet (slot
coupled), no dips are visible. Therefore, the simulated coupling shown in figure 3.25
tends to prove that the dips are mainly due to the presence of the photomixer, in the
SSC-CPW. Further investigations are necessary to realize the physical origin of the
dips.
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Figure 3.25: Coupling between DUT CPW and probe for the final design using
SSC-CPW with 25 GHz resolution
All in all, the probe is 400 µm wide and 244 µm thick with V3 = 0.5 mm.
Moreover, the impedance of the SSC-CPW line is 70 ohms. The short-end length x is
set at 50 µm. The backshort is not used in the final design. The separation between the
side and top ground conductors is chosen as 1 µm. The conservation of energy (CoE)
for the final design by varying the dielectric medium is shown in the figure 3.26.
THz dielectric waveguides suffer from strong frequency dependent material
absorption and dispersion. There is no other dielectric material with a negligible
absorption in the THz region, except air. 81 % increase in CoE by changing the
dielectric to air from GaAs. Therefore, reducing the length of the probe can lessen the
effect of dielectric losses due to GaAs.
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Figure 3.26: Conservation of Energy for the final design

3.10 Holder
The dimensions of the probe are very small. Thus, a holder is required in order
to fix the fibers. Previously, a superstrate approach consisting of silicon was
considered [11]. This approach consisted of gluing the probe on a
1 mm x 1 mm x 122 µm Si-chip. While the probe is held with the tweezers the edges
of the GaAs probe are manipulated as shown in the figure 3.27. Therefore, having a
holder makes it easy to carry and increases the life of the probe.

Figure 3.27: SEM picture of a damaged probe due to manipulation.
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Later, for the ease of fabrication, we have chosen a monolithic approach. Here,
the probe is fabricated as a single GaAs chip, like a Monolithic Microwave
Integrated-circuit Chips (MMIC). However, monolithic probes are more fragile than
the probes mounted on a Si chip. Figure 3.28 shows two designs with a probe of 400
µm wide: one is glued on silicon superstrate and the other one is the monolithic GaAs
probe.

Figure 3.28: a) Probe mounted on silicon superstrate b) The monolithic GaAs
probe [23]
The monolithic approach is relatively easy to fabricate and also improves the
performance of the probe by increasing the coupling and the bandwidth. From
figure 3.29, it is observed that the coupling is improved by about 5 dB when
compared to the superstrate approach. This kind of result is observed with the
narrowband probes, whereas with the broadband probes the monolithic approach has
shown relatively poor performance.
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Figure 3.29: Coupling between the DUT CPW and the probe for the monolithic and
the superstrate approach, narrowband design.
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4. FABRICATION PROCESS
4.1 Fiber pig-tailing of the photomixer
Packaging the probe consists of pig-tailing it to an optical fiber. This optical
fiber will provide to the photomixer the two laser beams required. However, the
optical fiber cannot be directly glued to the probe because a space is necessary
between the tip of the fiber and the photomixer. The space can be set and kept fixed
thanks to the use of a ferrule glued to the probe (fig. 4.1). Epoxies have to be cured
for utilization. A few steps are followed in the curing process.

Figure 4.1: Contact bonding of a fiber tapered ferrule to a probe
Steps followed (supertrate approach):
•

Probe of 1.5 mm height is glued on the Si superstrate of 1x1 cm2
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•

A fiber is placed inside the ferrule until the bottom tip

•

The ferrule is glued on the substrate using an epoxy and a six axis
nano-positioner
1. The epoxy is added around ferrule and exposed to UV
2. Then it is heated using a heat gun

Figure 4.2:The fiber pig-tailed to the probe placed on the Si chip using epoxy
In the process of fixing, the epoxy is cured around the probe as shown in the
figure 4.2. Obviously, in the process some epoxy can be and will be spread on the
probe itself, covering the CPW. Exact knowledge of the epoxies is not known in the
THz region to analyze the performance of the probe in the HFSS. Especially, the loss
tangent of the epoxy is not known in the THz region and it is necessary to determine
how it will influence the propagation of the THz wave. Therefore, they are tested in
the spectrometer to find the dielectric constant and loss tangent.
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4.2 Epoxy
As epoxy influences greatly on the performance of the probe, we considered
three different epoxy adhesives to find their THz dielectric constant by determining its
absorption coefficient using a THz spectrometer. Exact knowledge of the sample
thickness is required for a precise determination of the THz absorption coefficient and
refractive index, because changes in the refractive index are correlated with the
changes in the density of the materials. Furthermore, the finite thickness of the sample
is used to normalize the data. The surfaces of the samples have to be kept plane.
4.2.1 Materials and curing process:
We investigated three different EPO-TEK adhesives [24], which are given
below. The samples with defined-geometry and surface are measured with a THzFrequency-Domain Spectrometer.
Curing the epoxies:
a) OG116-31:
EPO-TEK 0G116 -31 is used for applications requiring quick fixing It is
composed of one component is particularly suitable at high temperatures. Firstly, UV
rays are stroked on it for 2 minutes, and then, it has to be heated for 20 minutes at
120o C.
b) 310M-2:
EPO-TEK 310M -2 has two components in its solution. It changes into
colorless after curing process from being optically clear. This is a kind of flexible
adhesive designed for optical applications within semiconductor, and fiber optic
applications. The two parts have to be mixed with a ratio of 10:2.2 and heated at
65 o C for 12 hours.
c) 353ND:
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EPO-TEK 353 ND is a two-component epoxy resin with low viscosity. Thus,
it is well suitable for optical applications, and it is also used for conventional
sterilization methods such as, X-ray and auto-calving. This adhesive has excellent
strength and moisture resistance. The two parts have to be mixed with a ratio of 10:1
and heated for 30 minutes at 80 o C. Once the epoxy is cured, it turns into red color.
Figure 4.2 shows the cured epoxy

Figure 4.3: Surfaces of the cured epoxies a) 353 ND b) OG116-31 c) 310M-2
4.2.2 THz dielectric parameters:
Each epoxy is cured inside a one inch-diameter ring glued on a HDPE disk
(fig 4.4). The ring is used to precisely control the thickness of the tested epoxy. The
sample under test (composed of the HDPE disk, the ring and the epoxy) is placed
between the emitter and the receiver of the THz spectrometer (PB7200). The typical
performances of the spectrometer are shown on fig 4.5.
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Figure 4.4: Cured epoxy placed on the HDPE disk.
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Figure 4.5: Typical performance of the frequency-domain THz-spectrometer with a
50 point averaging.
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The spectrometer measures the transmission of the sample under test in the
THz region, and thus, allowing the calculation of the dielectric constant of the
material under test. Prior to the measurement of the sample, the noise floor of the
spectrometer, and the transmission of the HDPE without epoxy is measured
(background). Then a piece of software developed in intern is used to calculate the
transmission of the material using the 3 measurements.
With the spectrometer we used, the transmission can be calculated from
300 GHz through 1.5 THz. and the absorption coefficient α can be determined on the
same frequency range using the Beer-Lamberts Law. Figure 4.6 shows the calculated
absorption coefficient α vs. frequency for the three tested epoxies.
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Characterization of THz dielectric parameters:
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Figure 4.6: Absorption coefficient of the tested epoxies
The data is clipped at 1.2 THz, as the results are limited by the dynamic range
of the measurement at higher frequencies, due to the larger absorption coefficients of
these materials. The observed changes of the THz absorption coefficient are roughly
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increasing linearly, as shown in the figure 4.4. The absorption coefficient increases
for all the three materials as the frequency increases and is lowest for 353 ND. In
order to choose one epoxy in our project, 353 ND is the best choice. It has low
absorption co-efficient and also it is very hard after curing. That way ferrule holds
tightly to the substrate. We can expect the refractive index in the THz range to
approach the optical value (n2) at higher frequencies. Ullaby relates the dielectric
constant vs. absorption coefficient as:
1/2

µɛ'
ɛ''
α=ω{
[√ ' +1-1] }
2
ɛ
2α2

(22)

2

ɛ'' = ɛ' [ {ω2 µɛ' +1} -1]

(23)

The imaginary part of ɛc = ɛ' -j*ɛ'' provides the effective dielectric constant[25],
and thus, the loss tangent of the material expressed as: tan δ = ɛ'' ⁄ɛ' . In the THz range
the loss tangent of the epoxies is observed to be negligible. Therefore, the
low-frequency dielectric constant of 3.17 is chosen for 353ND [24].
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DISCUSSIONS AND CONCLUSION:
In this thesis the approaches to optimize, analyze, and develop contact-free,
antenna-free probes to measure the S-parameters of a THz-grade GaN are addressed.
The aim was to design a broadband system capable of measuring the S-parameters of
a device-under-test (DUT) using a non-contact approach involving dielectric probes.
There are further optimizations to be done and then finalize the probe dimensions.
The best design has coupling above -20 dB between 300 GHz and 1 THz with the
SSC-CPW design with a resolution of 50 GHz.
AC-coupled probes have the capability of being used on multiple device
substrates through the 65-micron design rule. Thus, the AC-coupled probes are
promising products compared to contact based THz probing techniques. It should also
be mentioned that further developments can be realized to increase the capabilities of
the AC-coupled probes at higher frequencies.
The use of a SSC-CPW design has increased the performance and useful band
of the probes. As a measure of goodness of performance of the probe, the bandwidth
of the simulation result shown in figure 3.24 is defined with the equivalent noise
bandwidth (ENBW). This metric is used where the linear transfer function of a
two-port network system is non-uniform. The definition, published by R. Bracewell is
to integrate the transfer function w.r.t frequency over the measurement range and then
divide by the maximum value of the transfer function over the same range. In this
project, |S32|2 is the transfer function and the ENBW for the result in the figure 3.24 is
calculated to be

2 )∗ 𝑠𝑡𝑒𝑝 𝑠𝑖𝑧𝑒
𝑆𝑢𝑚 𝑜𝑓 𝑎𝑙𝑙(𝑆32
2 )
𝑀𝑎𝑥(𝑆32

= 6* 50 GHz, which is ~300 GHz. In addition,

the logical metric pertaining to bandwidth is the average value of |S32|2 transfer
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function over the same bandwidth. The average coupling is calculated to be

- 15.9

dB, whereas the average of the simulation result by Mads Larsen [11] shown in figure
1.9 is -24 dB. Therefore, the significant advancement shown in this non-contact,
antenna-free approach design has an average improvement of ~ 8 dB. The table below
shows the advantage of each design feature w.r.t its impact on the performance of the
probe.

Design feature
1. Width of the probe

Impact
Varied the cutoff frequency and thus
increased the operating bandwidth of the
narrowband probe from 100 to 300 GHz

2. Backshort length

Varying the backshort increased coupling
at selective frequency in the narrowband
probes

3. Capacitance between the DUT
and the probe CPW’s
4. Symmetric side-coupled CPW
(SSC-CPW)

~ 2dB increase in the coupling by varying
the gap between the center conductors.
Coupling is increased when more fields
are passed through the probe as
ground-to-ground separation increased.
Also, bandwidth increased by a better
match with the characteristic impedance
and the SSC-CPW increased the
thickness to 244 µm.

5. Short-end discontinuity

Got rid of the destructive interferences at
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500 and 950 GHz by increasing the
coupling about 15 dB
6. Step wise ground conductor above Spreads the destructive interferences
the photomixer
7. Holder

evenly within the broad operating range
A holder is required to fix the fibers and
increases the mechanical strength.
Moreover when the probe is held with the
tweezers the edges of the GaAs probe are
not manipulated.

Attenuation and wave guide dispersion also plays a key role in the
performance of the probes and have not been addressed here. There are techniques to
reduce the ohmic losses and dispersion of waves.
The conventional CPW on a GaAs substrate has a characteristic impedance of
35 to 70 ohms. To increase the characteristic impedance for a particular application,
the straightforward approach to achieve high Zo for a given ground-to-ground
separation is by reducing the center strip conductor width W. On the other hand, there
is a steep increase in attenuation due to ohmic losses. In addition, the slot width S
becomes very sensitive and a small change in slot width gives significant change in
Zo. Therefore, burying the center conductor [20] is one of the solutions, which reduces
the attenuation and ohmic losses as well. To fabricate such a probe extra steps have to
be followed and it is very complicated process.
In addition to the SSC-CPW transmission line, a conductor backed SSC-CPW
design can be studied. CB-SSC-CPW gives mechanical strength to the dielectric
substrates, which are thin and fragile, such as GaAs. Moreover, it reduces the
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dispersion of waves.
For a CB-SSC-CPW, as the width of the probe increases; the characteristic
impedance decreases. This is to be considered because the width of the front ground
CPW is assumed to be infinite in earlier calculations. As a rule of thumb, the
thickness of the metal on the back of the probe should be thicker than the metal of the
front CPW. Furthermore, the dimensions of the probes make it very fragile.
Therefore, having a grounded waveguide would increase the strength.
It is difficult to precisely anticipate how accurate the simulations are.
Although, the simulations were wisely followed as tutored by the HFSS, some
differences may be found without considering the losses due to the fabrication and the
experiment.
Packaging the probes includes the use of epoxy, which attenuates the signal.
Those epoxies which are strong after cured, easy to fix and low-lossy have to be
considered. The next step of the project is to fabricate the photomixer on ErAs:GaAs,
and the probe using monolithic approach to test the functioning using lasers.
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